ABSTRACT. -Windhoek, the capital of Namibia, is located in a semi-desert region, a long way from the sea and from its main surface water and groundwater sources. The city's population (a significant proportion of which lives in informal settlements) is growing. It has however been successful in meeting the water needs of its citizens, and has done so by working on several different fronts. Admittedly, part of the city's water supply is brought in from dams located some distance away from the city and, as is fairly conventional, these supplies supplement local groundwater sources. These resources are insufficient however, a problem that the City of Windhoek (CoW) has strived to address by reducing water demand on the one hand and increasing supply sources on the other. One of the major innovations is the use of dual wastewater reuse loops. In the first place the city has a reticulation system providing treated wastewater for the needs of parks and gardens. After been blended with treated surface water and sent to the city's drinking water system, a large part of this treated wastewater is used to provide drinking water however. The surplus water from rainy years is then injected into the underlying aquifer to ensure a backup supply source for dry years. In this way, as much as one quarter of the city's water needs is provided through wastewater reuse loops. Other valuable insights are to be gained from the analysis of social and cultural contingencies and their impact on the viability of water supply projects. These achievements are a possible source of inspiration for Mediterranean cities, many of which have certain points in common with Windhoek. There are also lessons to be learned for the rest of Europe. This paper looks at the applicability of the Windhoek case to the Mediterranean context in the light of the specific characteristics of southern Europe and northern Africa.
I. IntroduCtIon
Most Mediterranean cities are experiencing rapid population growth -a trend that is set to intensify between now and 2050. And as urban populations expand, there will be a concomitant growth in water demand as more water is required to meet their drinking water needs. Indeed, at the global level, water demand forecasts put this growth at 50% between 2010 and 2030 (2030 Water Resource Group, 2009 ). Further, the expected rise in summer temperatures over the same period, will inevitably drive up demand for water for irrigation and power generation purposes. And as a trend occurring right alongside the rise in water demand, global warming will have the effect of reducing the availability of water resources in the Mediterranean regions, exacerbating water stress in those of the major North African cities that are already experiencing water supply cuts. The options commonly used to address these problems have included increasing water storage capacities (as has been the case in the Moroccan city of Rabat), building water transfer schemes (such as the South-North Water Transfer Scheme in Algeria and the Great Man-Made River Project in Libya) and developing desalination capacity (as in Oran and Barcelona).
The drawbacks associated with these solutions are significant however:
• Installing extra capacity by impounding water in dams can result in land and villages being flooded. But the major adverse affects of this solution are two-fold, the first being a build-up of sediment in the reservoirs impounded. This is a phenomenon that has occurred at varying rates in the reservoirs of the Maghreb, thereby reducing their water storage capacity. And in the case of the Aswan Dam, the result has been an increase in the salinity of, and headward erosion into, the fertile land of the Nile Delta. The second major adverse effect is the loss of water through evaporation -the severity of which is amplified in the Mediterranean regions by the hot, dry summers experienced in that part of the world.
• While many water transfer systems involve the transfer of water between reservoirs, there are also several cases of transfers between wellfields and centres of consumption. The prime example of the latter is Libya's Great Man Made River, where water is transported over distances as great as 800km. But groundwater sources in the region are rarely perennial, and so do not constitute a viable supply source for the long term. Such transfer systems are moreover costly to build and have significant energy requirements -a potential drawback given the general upward long term trend in energy prices.
• As for desalination, this is only feasible for cities in coastal locations. And despite the fact that reverse osmosis is a scalable process and the cost of implementing is decreasing, the high energy requirements of desalination are another drawback to this technology.
But there are also various other possibilities which, despite offering considerable potential have been little explored to date as an option for Mediterranean regions. The example of Windhoek in Namibia (a city that has experienced water stress for decades now) has many lessons to offer, which could be put to good use to improve water management in Mediterranean countries. The characteristics of such water management strategies have been analysed in the Syracuse research project, which looks among others at the synergies to be derived between water, energy and waste cycles and at the use of small-loop cycles (Lafforgue et al., 2013) . This article looks at the specific characteristics of water management in Windhoek and to what extent these can be transposed to the Mediterranean context.
II. WIndhoek

II.1. the context
Windhoek is the capital of Namibia, a country which borders with South Africa. The city lies at an altitude of 1,500 m, has a population of around 300,000 (2012 level, as compared to 100,000 in the 1980s) and, with 2000 people per square kilometre, a medium population density. From a social perspective, the city still bears the legacy of apartheid, with suburbs classified by housing typology. The informal settlements -housing some 100,000 people -tend to be concentrated in the northern and western parts of the city, while the high-income neighbourhoods are located in the south and east. Although water demand is continually rising (up from 6 Mm 3 /year in 1968 to 27 Mm 3 /year in 2012), there are very few local resources to cope with this trend. Indeed, groundwater sources contribute only 1.7 Mm 3 /year to the water supply, annual rainfall is low (360 mm), evaporation levels are high (up to 50% of the lakes storage capacity) and the city has no perennial rivers. In the sixties, the city embarked on a programme to expand its supply sources by means of three mechanisms: the storage of surface water in dams, wastewater reuse, and the optimisation of the aquifer located beneath the city.
II.2. Water resources and treatment
Surface water sources consist of three dams: Omatako, Swakopport and Von Bach, located at distances of 60km to 185km from the edge of the city. Annually, these resources provide roughly 17 Mm 3 of water for Windhoek and 3 Mm 3 for the communities located on the way to Windhoek (Van der Merwe, 1999, Van der Merwe 2009). The main problem with this resource is that it is strongly dependent on meteorological conditions and on rainfall in particular (it explains the great temporal variability of the water production from surface and underground resources as presented in Figure 2 ). Another problem is that roughly 50% of the water (roughly 3.5 m per year) is lost through evaporation. By the end of the sixties, when it became clear that the city's needs could no longer be met by conventional supply sources, the City of Windhoek (CoW) embarked on a programme of wastewater reuse. This was to make it the first capital city in the world to recycle wastewater for drinking water purposes. The recycling system adopted employs treatment processes that are compatible with the different uses. Domestic effluent is treated in activated sludge and biofilter systems, before being sent to:
• The old Goreangab water reclamation plant ("old GWRP") built in 1968 with a capacity of 3,300 m 3 /day and expanded to a capacity of 7,500 m 3 /day in 1997. The plant was initially used for drinking water purposes, but now produces semi-purified water for the needs of the city's parks and gardens (at 1.3 Mm 3 /year, the plant's current output accounts for only 8% of total water needs (Van der Merwe, 2013)).
• The new Goreangab water reclamation plant (NWGRP) a 21,000 m 3 /day facility built in 2002 (Lahnsteiner et al., 2013) and incorporating the treatment process shown in Figure 1 (this treatment includes a multi-barrier system, more especially composed of several filtration processes. However, if the ultrafiltration step is sufficient for pathogens removal, it is not sufficient for managing dissolved salts). The reclaimed water is blended with conventionally treated surface water in a ratio of one third to two thirds ( Van der Merwe et al., 2006) and, in 2003, accounted for 26% of the total amount of water produced (Van der Merwe, 2009). Blending is used for two main reasons. In addition to the safety implications, it is also used to dilute the treated wastewater with low-salinity water.
As shown on Figure 2 , the consumption increase from 1990 to 2010 was mainly sustained by the increase of reused water, and without that new resource, the city would had to face a strong deficit of water production.
But as the population continued to grow, by the end of the 1990s the CoW had begun looking at possibilities for supplementing existing supply sources. This included pumping from the Tsumeb aquifer (located 490 km from the city), pumping from the Okavango river (750 km from the city), include a Managed Aquifer Recharge (MAR) in the southern part of Windhoek, and additional treatment to increase the proportion of reclaimed water in the treated water mix. Table 1 illustrates these different options with the indication of the distance of the water from Windhoek, the energy required per m 3 to transfer and treat the water and the corresponding cost per m 3 . MAR clearly emerges as the optimal solution, providing storage for up to 33 Mm 3 of water and even 60 Mm 3 including deep aquifers (Van der Merwe et al., 2013; Murray et al., 2013; Peters, 2013) .
It was then decided to optimise the use of the aquifer underlying the city. This aquifer contributed between 0 Mm 3 and 5 Mm 3 of water per year (with a mean output of 1.7 Mm 3 /year). In order to realise the full potential of the aquifer, it was decided to inject the surplus water left over in rainy years and to pump this out during dry years. This process will prevent the 50% water losses that occur due to evaporation (there is no evaporation from the aquifer) while providing additional storage capacity. The MAR process includes an additional Granular Activated Carbon (GAC) filtration and disinfection treatment to prevent bacterial growth and clogging of injection wells (Van der Merwe et al., 2013) . To prevent contamination of groundwater, the injection wells are (and will continue to be) located in the southern part of the city, where human activities are regulated ( Figure 3 ). The objective is to attain an injection capacity of 11 Mm 3 / year and a storage capacity of up to 60 Mm 3 . Figure 4 clarifies the different water quality (red colour for wastewater, yellow for partially treated effluent, green for improved quality and blue for drinking water quality), and associated uses. Moreover, one of the specificity of Windhoek urban water cycle is the organisation of water loops that differs from the classical urban water cycle (which is an opened cycle).
Windhoek also has a dual reticulation system, comprising one network for irrigation and watering of parks and gardens and supplying non-potable water to the city's cement plant. This system is supplied by treated wastewater from Old Goreangab, the older of the city's two water reclamation plants.
II.3. demand management
As it was not possible to balance supply and demand simply by increasing the volume of water resources available, the CoW chose to implement measures to reduce water demand. The different measures adopted are as follows:
• reducing water losses within the distribution system. This is achieved through a good knowledge of the water (Lafforgue et al., 2015b) . (Lafforgue et al., 2015b) . NB: Energy consumption is given for water treatment and conveyance up to the entrance of the water distribution system infrastructure and targeted and efficient leak detection. In Windhoek, distribution system efficiency is in the 89% to 90% region -an impressive level, not only in comparison with those found in other African cities but also with typical levels in the Mediterranean cities of Europe. The city is now seeking to increase efficiency gains by a further 3% to 4% by targeting leakage in the informal settlements, where losses are thought to be highest.
Figure 2: Evolution of water production in Windhoek as a function of supply source
• Communication campaigns. Radio, TV and local media have been used to educate the public about issues like saving water and the choices available in terms of plant species with low water requirements. Such campaigns have been used more specifically in periods of drought.
• A progressive and incentive-based tariff system. This comprises three blocks of tariffs, the first block (the so-called "social" tariff) being subsidised to ensure that the poor have the minimum amount of water required to meet their needs. The second block is an intermediate one that ensures full cost recovery. The third block is taxed with two aims in view: first to cover the cost of the social tariff and second and more importantly, to act as a disincentive to luxury consumption and wastage. Of particular interest (Lafforgue et al., 2015b) .
from a regulatory standpoint: the values of the thresholds for switching between tariff blocks can be adjusted by the CoW by simple municipal order. These values can then be adjusted in accordance with the prevailing degree of water stress. The result is that, with the prospect of a water shortage looming, the municipality can act quickly to lower the values of the thresholds for switching between tariff blocks, with the effect of making water more expensive and rapidly driving down the consumption of water (dotted line on Figure 5 ). For instance, from 2010 to 2014 these thresholds were stable, the first block corresponding to 6 m 3 /month/ connection the second from 6 to 45 m 3 /month/connection and the third above 45 m 3 /month/connection. Figure 5 illustrates the variable part of the water tariff for this period.
• restrictions on water usage in periods of water stress. This potentially concerns watering of gardens for example, as well as the filling of swimming pools and a requirement to cover pools when not in use.
• Adjusting treatment processes in line with water quality requirements. This practice means that only water actually used for drinking purposes needs to be treated to potable standard. The water used in cement kilns and for the irrigation of parks and gardens is still treated, but to a lower standard. This makes it possible to reduce the amount of water treated to potable standard and to reduce drinking water demand in the process. Figure 6 shows trends in per capita water demand over the past two decades. This demand includes non-domestic uses, which account for roughly 20% of total demand. The graph clearly illustrates the transitory but significant impact on per capita water endowment of two episodes of water stress that occurred in the eighties and mid-nineties respectively. These episodes prompted the municipality to restrict water usage, raise tariff thresholds and launch communication campaigns targeting consumers. These measures resulted in a 15% reduction in total demand and per capita demand reductions of between 25% to 30% (the difference between the two figures is attributable to population growth in the intervening period). It can also be seen that the first dip in demand did not last, with consumption returning to previous levels within six to eight years of restrictions and tariff pressures being eased. The second episode of water stress was better managed, since per capita demand has remained more or less stable ever since. These trends serve to demonstrate the impact that incentive measures and restrictions can have as well as the need to keep such measures in place to prevent a return to the status quo.
III. the leSSonS leArned And theIr AdAptAtIon to the MedIterrAneAn Context
Desalination is a source of drinking water that offers the prospect of a long-term solution for the Mediterranean regions. The technology has still high energy requirements however, and is only feasible for coastal areas (so not in all contexts). It is therefore necessary to look at other nonconventional supply sources, the success of which will depend on a number of factors.
The first determinant is the institutional framework. Clearly there is a need for legislation allowing the rapid adjustment of water tariffs, as well as regulations allowing the reuse of water (whether stormwater, grey water or wastewater) for all or some domestic and industrial purposes. Moreover a full water cycle approach is critical when it comes to water management. In Windhoek, water supply and wastewater treatment are managed together which means that wastewater can be reused for different purposes including irrigation and drinking water production. Such strategies have also been adopted in Singapore where the management of the water cycle is centralised by a single body: the PUB.
The impediments to such practices are clear, including in the northern Mediterranean countries. In France, the use of treated wastewater in drinking water production is prohibited for sanitary reasons, but also no doubt because France has yet to experience water stress of a kind that threatens the supply of drinking water to cities. Wastewater is thus considered as a potential resource for parks, gardens and irrigation -in itself it is a first step towards protecting drinking water sources, though the leap to drinking water production has yet to be made. There is a strong likelihood however that western France (and in particular the south-west and the area between the Loire and Garonne rivers) will experience summertime water stress in the period between 2050 and 2070 and possibly even before then (as studied by the project Explore 2070). And, without the need to look so far ahead, parts of Spain like Catalonia and Andalusia are already severely affected by water stress -a problem that the country has sought to address by developing non-conventional technologies like desalination and wastewater reuse for irrigation. But here too, the line into drinking water production has still to be crossed.
Figure 5: Evolution of the variable part of the water tariff in Windhoek as a function of water consumption per connection (between 2010 and 2014) (the dotted line is the low water availability tariff for 2013-2014).
Figure 6: Evolution of the per capita water endowment in Windhoek (white boxes) against the evolution of water production (black boxes).
Wastewater reuse is only feasible with a proper understanding of the relevant technologies. The case of Windhoek shows that it is possible to acquire those skills even in a country of the southern hemisphere. It is indeed a success story that opens up prospects for developing countries too.
At this point, the question of the social acceptability of using treated wastewater must be posed. Whereas in most cities the use of wastewater for drinking water production comes up against problems of acceptability among the population (Po et al., 2003) , the CoW has been reusing wastewater for over 40 years now with the approval of its citizens. The reason for this is most certainly the absence of any economically viable alternative. Practically, what is really amazing is that even the richest part of the city effectively use the water network for drinking water purpose, whereas for instance Indian rich people tend to add complementary treatment prior to use the water from the network. Moreover, bottled water is no more used than elsewhere. It means a deep citizens acceptance of the water reuse, and their trust in the capacity of CoW to treat this water.
Basically, the population acceptance of reusing water is a key aspect. As above mentioned, Windhoek informed its population of the new scheme when it was implemented forty years ago. But the city was already in a water stress context and no other option existed. What could be the issue in a city where other options exist? A part of the answer comes from Singapore (Lafforgue et al., 2015a) . This city is currently supplied by 4 resources: water from Malaysia, rainwater, reused water (mainly named NEWater), and desalinated water ( Table 2 provides the partition of water production from these resources). Singapore mainly reuses water for industrial needs (industries consume roughly half of the water production). A limited part of the reused water is injected in the reservoirs that store rainwater, and from which the water is treated for drinking water. This scheme includes a disconnection of the reused water from the drinking water by inserting a semi natural purification step (consisting of opened reservoirs). Moreover, the reused water is twice treated. Indeed, the NEWater includes a complete treatment that provides drinking water quality, and this water is again treated after being blended with rainwater. Singapore also organised a huge advertising campaign promoting the NEWater quality and providing that water in bottles (Tortajada et al. (2013) . Extrapolating that to the specific context of Mediterranean cities, as several cities are located in a water stressed environment and have industrial activities (for instance it is the case at present in Catalonia, Murcia, Valencia, or in Alger, and in the future in the Nile Delta or in Istanbul) one option to study could be to supply these industries with reused water, when industrial activities are grouped in a dedicated place and then easily supplied. Dedicated studies are necessary to evaluate each potential case because it depends of a lot of contextual parameters. Regarding potential water reuse for drinking water, it totally depends of institutional, regulatory and social aspects. For instance it is strictly forbidden in France.
A potential drawback of wastewater reuse loops for drinking water production is the progressive increase in the salt content of the recirculated water. The parameters that this can affect will depend on the case. In Windhoek, the problem is one of general salinity levels and nitrate concentrations (Van der Merwe et al., 2006 , Van der Merwe, 2009 ). This concern extends to groundwater as this too is now part of the city's wastewater reuse loop. Clogging of injection wells can compound the problem, so organic carbon concentrations must be monitored carefully and chlorine added to the water prior to injection to minimise the risk of bacterial regrowth in the filter medium. This problem should be expected wherever managed aquifer recharge is used. It is important to look at ways of minimising the risks associated with recharge and to keep close track of dissolved salt concentrations during the abstraction process.
Today's wastewater reuse systems tend to be of the semi-open loop type. This is indeed the case in Windhoek and Singapore (Lafforgue et al., 2015a) and is a factor that reduces the risk of a progressive rise in salinity levels. Table 2 illustrates that by comparing water resources in Windhoek and Singapore. In both cities water reuse roughly represent ¼ of the production in agreement with the semi-open loop principle.
In the likely event that the population of Windhoek continues to grow, the city will soon be faced with the need to increase wastewater reuse. The only way to address the dilemma posed by the shortfall in resources and deteriorating water quality is to keep dissolved salt concentrations down by using more efficient membrane filtration technologies like nanofiltration or reverse osmosis. Such technologies are currently used in Singapore, but in Windhoek filtration technologies are limited to ultrafiltration as provided as a final stage of treatment at the new Goreangab reclamation plant (figure 1). Once water needs exceed existing supply capacities, an additional nanofiltration or reverse osmosis treatment will no doubt be necessary.
Such technologies can be problematic in terms of cost, since they drive up energy requirements significantly as Lenouvel et al. (2014) have shown for Singapore. While this problem is not necessarily critical in countries with access to cheap fossil fuel reserves (as is presently the case in Algeria and Libya, for example), it may well become problematic in the Mediterranean countries in the future, many of which have limited fossil fuels or fossil reserves that are likely to be exhausted by 2050. These countries will have to count on technological breakthroughs (as did Singapore (Puah, 2011; Lenouvel et al., 2014) ) to reduce the energy requirements of membrane filtration. Indeed the prospects are encouraging, the expectation being that it will be possible to halve the energy requirement (to around 2 KWh/m 3 or even less) of reverse osmosis going forward. Another important issue is the need to adjust treatment processes in accordance with the purpose for which the water is to be used (Lafforgue et al., 2013 ). This will be simpler if uses are centralised (with all industrial facilities being located at the same site for example), and if a separate reticulation system is dedicated to these uses. Windhoek has very little industry but what was formerly the drinking water distribution system is now partially used for the needs of parks and gardens and the cement plant. Singapore, with its reticulation systems for industrial facilities on Jurong Island (Lafforgue et al., 2015a) , is a textbook case of this type of approach. By concentrating the facilities in the same place, it is possible to limit the linear footprint of these systems. They also have the advantage of optimising the fit between the treatment process used and the requisite quality of the treated water, which does not necessarily have to be potable. The result is that not all water is treated to potable standard, and in particular water used for purposes that do not warrant such levels of treatment.
Paris is another enlightening example. The city has a dual reticulation system, one of the components of which is the former drinking water system which was replaced in stages in the early part of the twentieth century. This system covers nearly all of Paris and is used for watering the city's parks and gardens as well as some industrial needs, street cleaning and sewer flushing. The system is supplied by water from the Seine River which undergoes only minimal treatment. This is another example of the "fit for purpose" principle, which does however require the different systems to be completely separate so as to prevent any connection errors.
Achieving a balance between supply and demand requires work on both sides of the equation. As in the case of both Windhoek (as described in this article) and Singapore (as described by Lafforgue et al., 2015a) , the process of optimising demand is an ongoing one which is achieved by a raft of different measures including reducing water losses, educating consumers, effective and flexible tariff structures and suitable legislation (restrictions, use of water-saving devices, etc.). Indeed, making the use of water-saving devices compulsory can have a significant impact as Tortajada et al. (2013) have shown in the case of Singapore.
Combining all or some of the measures outlined above can reduce water demand considerably. The proportion of water abstracted from conventional supply sources is diminished when water supply system efficiency improvements are introduced, when there is a pro-active incentive policy and when non-conventional supply sources such as wastewater and rainwater are used. Indeed, in the case of Windhoek, the amount of water abstracted from conventional resources for domestic purposes is 125 l/capita/day. And Singapore, a city with a hot climate and among the highest living standards in the world, has a domestic demand from conventional resources of only 75 l/capita/day. So there is clearly room for improvement when it comes to reducing the footprint of urban water demand -improvements that can be achieved with a genuine and sustained political will and with the appropriate institutional, regulatory, economic, sociological and technological mechanisms.
IV. ConCluSIon
A lack of water resources in conjunction with growing water needs is a problem faced by many Mediterranean cities. Global warming will only exacerbate this problem going forward. Pioneering cities like Windhoek point the way to reducing pressures on resources. At 30% to 70%, the potential gains to be achieved are considerable. To that end, the following conditions are necessary: a stable and sustainable urban policy framework; an institutional structure that allows different types of water (including wastewater and drinking water) to be managed together so as to benefit from the synergies to be derived within water cycles; the appropriate technical skills; and suitable legislation governing water usage and tariff structures among others. This approach is also feasible in cities with low-income populations, thereby opening up prospects for countries in both the Mediterranean basin and beyond.
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